Background: Pre-exposure prophylaxis (PrEP) is used as an HIV prevention method by people at substantial risk of HIV infection. This systematic review and meta-analysis evaluates current clinical evidence for use of oral TDF-based PrEP among men who have sex with men.
Background: Pre-exposure prophylaxis (PrEP) is used as an HIV prevention method by people at substantial risk of HIV infection. This systematic review and meta-analysis evaluates current clinical evidence for use of oral TDF-based PrEP among men who have sex with men.
Methods: A comprehensive literature search in PubMed, web of science, Google Scholar and ClinicalTrials.gov was performed. A random-effects meta-analysis was conducted using the event rate (ER) for estimation of the incidence of HIV and grade 3 or 4 adverse events (AE) among PrEP arm and using risk ratio (RR) for comparison of incidence of HIV and grade 3 or 4 AE between PrEP recipients and PrEP non-users. Blood-based adherence levels were also divided into three categories with reference to previous meta-analysis. Subgroup meta-analysis was also performed to evaluate whether blood-based adherence levels moderated the effect of TDF-based PrEP on HIV incidence. Narrative review was used due to inconsistent measurements of risk behavior and drug resistance. This review is registered on the PROSPERO database (CRD42017077965).
Results: Fourteen studies were included in the review. Oral TDF-based PrEP significantly reduced HIV incidence with minimum drug resistance and tolerable safety risks (HIV incidence, ER = 1.1%, 95% CI 0.6-2.0%, p < 0.001, RR = 0.244, 95% CI 0.111-0.537, p < 0.001 and grade 3 or 4 AEs, ER = 13.0%, 95% CI 9.9-16.9%, p < 0.001, RR = 1.059, 95% CI 0.824-1.362, p = 0.653). Oral TDF-based PrEP was more effective in reducing HIV incidence with high levels of blood-based PrEP adherence (ER, 0.4%) compared to moderate adherence (2.9%; p < 0.001). Most studies found no association between PrEP use and self-reported sexual behavior.
INTRODUCTION
Around 1.8 million people became newly infected with HIV in 2016 globally, according to the Joint United Nations Program on HIV/AIDS (UNAIDS, 2016) , indicating that tremendous efforts are needed to slow down the AIDS epidemic. Globally there continue to be rising rates of HIV incidence among men who have sex with men (i.e., gay and bisexual men) (Prejean et al., 2011; Phillips et al., 2013; Reback and Fletcher, 2014; Newsum et al., 2017) , with the highest HIV incidence rates observed among MSM in countries such as China, Kenya, Thailand, and among young and minority MSM in the US (Beyrer et al., 2016) .
Although the promotion of regular HIV testing and encouragement of condom use will remain essential preventative strategies for HIV infection, additional approaches for people who are unwilling or unable to use condoms consistently are needed. In 2012, WHO first published a PrEP guidance, which recommended the use of tenofovir (TDF) and emtritabine (FTC) for people who are at substantial risk for HIV (such as serodiscordant couples and MSM). In recent years, daily use of PrEP by populations at high risk of HIV infection has been recommended in guidelines from United States, Europe, Australia and South Africa. Previous meta-analyses and systematic reviews have indicated that while TDF/FTC-based oral PrEP protects (Fonner et al., 2016; Desai et al., 2017) , the efficacy of PrEP may vary across populations.
Thus we conducted this systematic review and meta-analysis to specify the efficacy and safety of TDF/FTC-based oral PrEP specifically among MSM.
METHODS
The review was registered in the in the International Prospective Register of Systematic Reviews (PROSPERO, https://www. crd.york.ac.uk/PROSPERO/): CRD42017077965. The work was reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) (Moher et al., 2009 
Search Strategy
A comprehensive literature search in PubMed, web of science, Google Scholar and ClinicalTrials.gov was performed. Search terms were intersections of PrEP related terms (pre-exposure prophylaxis OR preexposure prophylaxis OR antiretroviral prophylaxis OR preexposure chemoprophylaxis OR chemoprevention OR PrEP OR Truvada), disease terms (HIV OR AIDS) and target population terms (MSM OR gay OR men have sex with men). Reference lists of selected articles and related review articles were further screened. Additional searches in Google Scholar and ClinicalTrials.gov were also performed. The search was limited to English-written journal articles and conference abstracts. The full search strategy is shown in Supplementary Table 2 .
Selection Criteria
To be included in the meta-analysis, the study had to (1) focus on MSM and transgender women; (2) evaluate the efficacy or safety of TDF-based PrEP; (3) provide sufficient data on at least one outcome of interest. Outcomes of interest included: HIV infection, grade 3 or 4 AEs and behavior (condom use, STI and number of sexual partners) and drug resistance. Studies were excluded if they were (1) case reports; (2) review articles or theoretical articles; (3) thesis, dissertation or book chapters. Two reviewers (JHH and AXS) initially selected search results based on titles and abstracts. The remaining articles were further selected by full-text assessment by JHH and AXS. Disagreements between reviewers about eligibility were resolved by discussion with XJH. The procedure of study selection and numbers of included and excluded studies is shown in Figure 1 .
Data Extraction and Code
Coding of outcome measures was done by two reviewers (JHH and AXS) based on previous meta-analysis reviews. Outcomes of interest included: HIV infection, grade 3 or 4 AEs, behavior (condom use, STI and number of sexual partners) and drug resistance mutation. Other information was also extracted from articles including article author, year of publication, study location, age of participants, sample size, study design, PrEP regimen, PrEP dose, and adherence. The results of quality assessment are also shown in Table 1 .
Data Analysis
We adopted Comprehensive Meta-Analysis (CMA) Version 2.0 (Biostat, Englewood, New Jersey) to conduct a quantitative analysis. First, combined event rate (ER) was calculated using number of events and sample size of PrEP arms. A randomeffects meta-analysis was conducted using the event rate (ER) for estimation of the incidence of HIV and grade 3 or 4 AEs among oral TDF-based PrEP arm and using risk ratio (RR) for comparison of incidence of HIV and grade 3 or 4 AEs between oral TDF-based PrEP users and non-users. For open label extensions (OLEs) of previous RCTs, narrative review was used in order to avoid calculating the results based on the same sample. The variation in effect sizes across studies was assessed by the homogeneity statistics, Q. I 2 statistic was also used to estimate the observed proportion of the heterogeneity in observed variance (Higgins and Thompson, 2002) . Begg rank correlation test was adopted to assess publication bias across studies when more than three comparisons were in the analysis (Begg and Mazumdar, 1994) . In some cases, narrative review was also used due to inconsistent measurements of some outcomes of interest including condom use, STI and drug resistance. Blood-based adherence levels were also divided into three categories with high adherence, >70%; moderate, 40-70%; and low, <40% according to arithmetic average of each time point with reference to previous meta-analysis (Fonner et al., 2016) . Subgroup meta-analysis was performed to assess the difference among different blood-based adherence levels on HIV incidence.
Role of the Funding Resource
The funder of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding authors had full access to all the data in the study and had final responsibility for the decision to submit for publication.
RESULTS

Characteristic of Included Studies
Overall we identified 14 eligible studies in this review, whose sample size ranged from 58 to 2,499. We included six RCTs and eight OLEs or demonstration projects. All participants were adults over 18. The most commonly-used PrEP regimen was TDF in combination with FTC. Seven studies reported detectable blood-based drug component with a range from 51 to 94% of all populations. Thirteen studies examined daily oral PrEP, but Ipergay and its OLE examined non-daily dosing strategy (on demand: two pills taken 2-24 h before sex act and one pill taken 24 h after sexual intercourse and one pill taken 48 h after sex act). These studies reported a variety of outcomes including HIV incidence, grade 3 or 4 AEs, self-reported risk behavior and number of sex partners, STI and drug resistance. Detailed information for included studies is shown in Table 1 .
HIV Incidence
Eleven studies with 11 PrEP arms reported the effect of PrEP on HIV incidence, so ER of each study could be analyzed. Begg rank correlation test showed no significant publication bias (Kendall's tau = −0.309, p = 0.09). As shown in Figure 2 , the combined But in our meta-analysis, we do not use this translated data. @ In this study, most participants were recruited from iPrEx (68 participants in ATN082, 2499 participants in iPrEx and 279 participants from US safety study;1603 participants in this cohort meet the criteria for PrEP), so we use iPrEx OLE to name this cohort study.
ER of HIV incidence in PrEP arm was 1.1% (95% CI 0.6-2.0%, p < 0.001). Results revealed significant heterogeneity across studies [Q (10) = 24,524, p = 0.006, I 2 = 59.2%]. Among eleven studies, six studies compare PrEP with no PrEP or placebo, so RR of each study could be analyzed. All consistently reported a decreased HIV incidence rate. Begg rank correlation test showed no significant publication bias (Kendall's tau = −0.33, p > 0.05). The combined RR of PrEP on HIV incidence was 0.244 (95% CI 0.111-0.537, p < 0.001, Figure 3) . Results revealed significant heterogeneity across studies [Q (5) =11.236, p = 0.047, I 2 = 55.5%]. Regarding open label extensions, results from iPrEx USbased OLE cohorts showed that PrEP use was associated with reductions in HIV incidence when comparing PrEP recipients (1.8 infections per 100 person, 95% CI 1.5-4.5) to PrEP nonrecipients (2.6 infections per 100 persons, 95% CI 1.3-2.6).
Results from Ipergay OLE showed that the overall HIV incidence in this follow-up phase was 0.19 per 100 person-years of followup (95% CI 0.01-1.08).
When stratified by blood-based adherence, there were four studies classified as high-adherence group, one study as moderate-adherence group and no studies as low-adherence group. Adherence significantly moderated the efficacy of PrEP [Q (1) = 14.939, p < 0.001]. The ER for HIV incidence for high adherence was 0.4% (95% CI 0.1-1.0%) and 2.9% (95% CI 2.1-4%) for moderate adherence. Table 2 .
Detailed information of HIV infection is also shown in
Grade 3 or 4 Adverse Events
Six studies with six PrEP arms reported the effect of PrEP on grade 3 or 4 AE, allowing us to calculate the ER of each study. Begg rank correlation test showed no significant publication bias (Kendall's tau = −0.2, p = 0.286). As shown in Figure 4 , the combined ER of grade 3 or 4 AEs in PrEP arm was 13.0% (ER, 95% CI 9.9-16.9%, p < 0.001). Results revealed significant heterogeneity across studies [Q (5) = 15,579, p = 0.008, I 2 = 67.9%]. Four RCT studies reported the effect of PrEP on grade 3 or 4 AEs. All consistently reported a comparable AE rate in the PrEP and control arms. Begg rank correlation test showed no significant publication bias (Kendall's tau = 0.333, p = 0.497). The combined effect size of PrEP on grade 3 or 4 AEs was 1.059 (RR, 95% CI 0.824-1.362, p = 0.653, Figure 5) 
Behavior Change
Condom use, STI, and number of sex partners were summarized in this review as indices of behavior change. Quantitative synthesis was improper due to inconsistent measurements of condom use, STI and number of sex partners in these studies. Thus narrative description of each outcomes is included in this review.
Condom use was reported in five RCTs (iPrEx, Ipergay, CDC safety study, PROUD, and Project PrEPare), and six longitudinal observational studies (iPrEx OLE, Ipergay OLE, PATH-PrEP, KPSF, ANT110YSMS, and NCT01632995). Among RCT studies comparing PrEP and no-PrEP, results from these studies showed similar change between different arms and for observational studies, condom use was stable or slightly decreased in PrEP arms (Grant et al., 2010 (Grant et al., , 2014 Hosek et al., 2013; Liu et al., 2013; Molina et al., 2015; et al., 2016). One observational study (Ipergay OLE) reported a significant rise in condomless anal sex at the last sexual intercourse. Incidence of STIs was recorded in seven studies (iPrEx OLE, Ipergay OLE, KPSF, NCT01632995, PATH-PrEP, PROUDpilot phase, ATN110YSMS). Inconsistent results were reported across studies. Two studies reported comparable rates of STIs between PrEP users and non-users (iPrEx OLE and PROUDpilot phase). Three studies reported stable or decreased STI incidence rates during follow-up (Ipergay OLE, NCT01632995, and ATN110YSMS). One study demonstrated a parabolic distribution over the follow-up phase (PATH-PrEP). One study showed a slightly increase trend during follow-up (KPSF).
Number of sex partners was reported in four RCTs (iPrEx, Ipergay, CDC safety study, and PROUD) and four longitudinal observational studies (iPrEx OLE, Ipergay OLE, NCT01632995, and KPSF). Number of sex partners was stable or slightly decreased over time in the PrEP arms and similar between PrEP users and PrEP non-users despite different study designs and measurements of outcome (Grant et al., 2010 (Grant et al., , 2014 Liu et al., 2013; Molina et al., 2015; McCormack et al., 2016) .
Detailed information of condom use, STI and number of sexual partners is recorded in Tables 3-5 respectively. 
Drug Resistance
Drug resistance was reported in six studies (CDC safety study, iPrEx study, iPrEx OLE, PROUD-pilot phase, NCT01632995, and ATN110YSMS). No drug resistance was found to be associated with TDF at enrollment or during the trial or followup phase. FTC-related mutation was observed at enrollment or during the trial phase in four studies with minimum event rate. Specifically, FTC-related drug resistance was found at enrollment in one studies (iPrEx study) and after enrollment in two studies (iPrEx OLE and NCT01632995). For PROUD-Pilot phase study, FTC-related mutation was found in two of the three participants who initiated TDF/FTC PrEP with a reactive test at enrolment or at the 4-week visit. Detailed information is recorded in Table 6 .
DISCUSSION
This systematic review provides synthesized estimates of HIV incidence, grade 3 or 4 AEs, self-reported risk behavior, STI and drug resistance among MSM using TDF-based PrEP. The overall estimates are useful for targeted prevention efforts among key population. Our systematic review shows that PrEP significantly reduced HIV incidence, with low rates of HIV incidence among PrEP users, indicating the utility of this biomedical HIV prevention intervention in curbing HIV transmission among MSM. The findings in this meta-analysis are consistent with a previous review that evaluated the efficacy of PrEP across all populations (Fonner et al., 2016) . As would be expected, PrEP was most effective in reducing HIV incidence among users with high levels of PrEP adherence. Adherence-support interventions for PrEP should be designed, building on the experience of HIV treatment studies that adopted multiple behavioral interventions to help improve and maintain treatment adherence (Popeleches et al., 2011; Ingersoll et al., 2015) . Psychological counseling which focus on the development of coping strategies (i.e., Life Steps counseling in Partners PrEP Ancillary Adherence Study and Project PrEPARE and Next
Step counseling in iPrEx OLE) should also be tested as strategies to increase adherence to PrEP medication (R Amico et al., 2012; Psaros et al., 2014; Taylor et al., 2017) . Moreover, studies have demonstrated that some MSMprefer long-acting injectable formulation, which might also be beneficial for improving PrEP adherence (Meyers et al., 2017) . Thus future studies are needed to evaluate the efficacy of PrEP in combination with suitable behavioral and psychological intervention or different PrEP formulations among MSM. Regarding grade 3 or 4 AEs, no significant difference was detected between PrEP users and placebo/PrEP non-users. Common AEs of TDF-based regimen were nausea, diarrhea, back pain, headache, creatinine elevation, depression, potential bone and renal toxicity (Grant et al., 2010; Liu et al., 2011; Grohskopf et al., 2013; McCormack et al., 2016) . Future PrEP studies should monitor these side effects and clinicians should treat these side effects immediately, which is likely to promote adherence to PrEP, both during future trials and in clinical practice.
With respect to changes in self-reported risk behavior associated to PrEP use, no significant difference was detected between PrEP users and placebo/PrEP non-users. In our metaanalysis, PrEP did not cause risk compensation in self-reported sex acts, either in the form of decreased condom use or increased number of sex partners. These results are consistent with a recent systematic review which includes both qualitative and quantitative survey studies (Freeborn and Portillo, 2017) . But these results should be treated with caution, because self-report is often influenced by social desirability, which means individuals tend to report fewer risk behaviors in order to maintain a good social impression (Zenilman et al., 1995; Difranceisco et al., 1998) . Mixed methods including the use of social desirability scales, the rating of item desirability, the use of forced-choice items and the randomized response technique to evaluate and decrease social desirability should be used in future studies (Nederhof, 1985) . Selection bias might be a reason for the heterogeneity of STI incidence across studies (Jenness et al., 2017) . For example, some studies reported PrEP users may be at higher risk for STIs prior to PrEP initiation and continue high risk behavior during PrEP use (Montano et al., 2017) . In fact, the reduction of HIV incidence in the presence of stable or increased STI incidence suggests that these TDF-based PrEP studies in fact enrolled exactly the right population to benefit from biomedical HIV prevention. The relationship between PrEP and STI infection is unclear and further studies are needed to determine the potential effects of selection bias and risk compensation.
Regarding drug resistance, no drug resistance was found to be associated with TDF at enrollment or during the trial, supporting the evidence that TDF is a safe component in PrEP. In our review, we found FTC-related drug resistance might be more easily detected at enrollment and during the trial. Two special cases should not be ignored: one case was infected with multidrug resistance despite long-term use of PrEP and another acquired wild-type HIV virus despite consistent detectable drug levels (Knox et al., 2016; Elske and Godelieve, 2017) . Overall drug resistance has rarely occurred among PrEP users, which indicates oral TDF in combination with FTC offers safe prevention for key populations. Moreover drug resistance due to daily PrEP might be associated with adherence. While such real world data does not exist, in one study using mathematic modeling, results have suggested 17-23% infected participants could virologically fail treatment as a result of past PrEP use • Decreased significantly from 7.25 at baseline to 6.02 during months 3-9 and 5.71 during months 12-24 (P <0.001). Declines were similar between the immediate vs. delayed arms during months 3-9 (P value for interaction = 0.67) • Mean number did not differ in months 12-24 vs. months 3-9 with initiation of study drug in delayed arm (p = 0.22) or drug continuation in immediate arm (IRR = 0.96, P = 0.56).
• Mean number of positive or unknown HIV-status partners declined from 4.17 at baseline to 3.51 during months 3-9 (P = 0.04) and 3.37 during months 12-24 (P = 0.01).
iPrEx study Mean number of receptive anal partners or transmitted resistance to PrEP with moderate adherence (Dimitrov et al., 2016) . Whether real world experience will bear out this model remains to be seen. Nevertheless, effective methods to support adherence should be provided and adherence should be monitored by researchers during PrEP demonstration studies in order to both reduce HIV infection and drug resistance. A urine-based drug detection assay currently under development as a point of care test could be useful tool to monitor PrEP adherence and identify PrEP users who require additional adherence support (Koenig et al., 2017) . While a baseline HIV RNA test to rule out acute infection should be included in a clinical trial in order to decrease the risk of secondary resistance, the high cost of HIV RNA test may make the adoption of HIV RNA test before initiation of PrEP difficult to achieve in real world clinical practice. New testing algorithms may be needed in the PrEP era to minimize PrEP initiation during acute infection and to correctly diagnosis HIV in the context of PrEP-use.
Several limitations in the analysis should also be addressed. First, the limited number of studies included for some results could limit the ability to generalize the results to other settings. Future studies should thus adopt comprehensive evaluations including HIV infection, AE monitoring, risk behavior and drug resistance. Secondly, measurement for some outcomes (i.e., risk behavior) is inconsistent across studies, making it difficult to quantitatively analyze the effect of PrEP on risk compensation and drug resistance. Agreement to and use of a common set of behavioral measures would greatly enhance the field's ability to make meaningful comparisons across studies.
In summary, the results of our global meta-analysis suggest that oral TDF-based PrEP is effective at reducing HIV infection among MSM at substantial risk of HIV infection. Moreover, selfreported behavioral measurements indicate no significant risk compensation occurred in PrEP group. According to our results, clinicians should carefully monitor PrEP adherence and high risk sexual behaviors by self-reported questionnaires and blood-based laboratory tests. In resource limited countries, it might be an efficient and useful social health policy to integrate PrEP into medical insurance. Minimum drug resistance is associated with PrEP use. But results should be cautiously interpreted because of limited comparisons for some outcomes. Well-designed studies with large sample size are needed to optimize oral PrEP delivery and plan for other PrEP formulations. Consistent and reliable measurements of key outcomes (such as condom use and number of sexual partners) should also be used in the future studies.
